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Abstract
On this research, the results of an analysis made of a Supercritical Carbon Dioxide (sCO2)
Recuperated Closed Brayton Cycle (RCBC) done by performing theorical calculations and
comparing it to the results obtained with the use of the software ASPEN Plus will be presented.
To demonstrate and determine that this software is a useful tool for modeling the proposed type of
cycle, a preliminary comparison was made to verify with previous studies found in literature. A
comparison and analysis between the possible working fluids and thermal energy sources was also
performed to emphasize the decision of using CO2 as the cycle working fluid and Concentrated
Solar Power (CSP) as the thermal energy source with the studied cycle. The effects of the high
temperature recuperator effectiveness, the turbine inlet temperature, and the recuperator pressure
drop on the total cycle performance is also determined using a parametric approach. For all
modeled settings, the recuperator efficacy and input temperatures are determined to be the most
important parameters impacting overall cycle efficiency. Cycle efficiencies are found to be 25
percent and 44 percent, respectively, with recuperator effectiveness values of 80 percent and 95
percent, respectively.
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Chapter 1: Background & Introduction
1.1 INTRODUCTION
1.1.1 Brayton Cycle
To fully understand what a Brayton cycle is, it is necessary to define some basic concepts
such as thermodynamics, thermodynamic cycles, heat engine and power cycle. Generally
speaking, Thermodynamics is the branch of physics that deals with energy production, storage,
transfer, and conversion. This research will focus on the energy conversion part of
thermodynamics which will allow us to convert thermal energy into another form of energy. For
this conversion, a heat engine is required which will take the thermal energy to do useful work [1].
A thermodynamic cycle is a set of thermodynamic processes which transfer heat and work
while varying pressure, temperature, and other state variables, with the goal of restoring a system
to its beginning condition. The system may perform work on its surroundings while going through
this cycle, thereby operating as a heat engine. Power cycles and heat pump cycles are the two main
types of thermodynamic cycles. Heat pump cycles move heat from low to high temperatures using
mechanical work input, whereas power cycles transform some heat input into mechanical work
output [2].
Heat engines, which provide most of the world's electric energy and power practically all
motor vehicles, are based on thermodynamic power cycles. Power cycles are divided into external
combustion models such as an Otto Cycle which models gasoline and diesel engines, and internal
combustion models as the Rankine Cycles which models steam turbines and the analyzed cycle
the Brayton Cycle which models a gas turbine.
A thermodynamic cycle that describes how gas turbines work is known as the Brayton
Cycle. The Brayton Cycle works by extracting energy from moving air and fuel and converting it
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into usable work that may be utilized to power a variety of vehicles. The most basic steps in
extracting energy are compression of flowing air, combustion, and then expansion of that air to
create work and power the compression at the same time. The Brayton cycle describes the
operation of a constant-pressure heat engine generally speaking [1]. Figure. 1.1 shows how a basic
Close Brayton Cycle works, going from Heater to the turbine which will expand the fluid, then to
the cooler which will pass the fluid to the compressor and the to the recuperator to finally go back
to the heater.

Figure 1.1: Behavior of a Closed Brayton Cycle.
1.1.2 Working Fluids
There are various fluids that can be utilized in the Brayton cycle, and most systems use
fluids in the gaseous state, but we will be focused on supercritical fluids for this study which has
advantages over a fluid on a gas or liquid stage. A supercritical fluid is an interested fluid because
it can achieve higher efficiency at lower temperatures compared to a subcritical fluid, and it
requires smaller turbomachinery [3].
A supercritical fluid is a fluid that is held at its critical pressure and critical temperature.
This fluid at critical points will act as a gas with the density of a liquid. Typically, the density of a
gas is around 1 kg/m3 while liquids have densities around 1000 kg/m3, mentioned this a
supercritical fluid will have densities between 100-1000 kg/m3. In addition, there is no surface
2

tension in a supercritical fluid, as there is no liquid to gas phase boundary. Figure 1.2 shows a
graphical representation of a supercritical fluid [4].

Figure 1.2: Supercritical Stage representation.
There are some possible fluids that can be used at a supercritical stage for the Brayton
Cycle. Each of these fluids will have a different critical temperature and pressure which will limit
our Brayton Cycle. On Table 1.1 the different fluids with their critical temperatures and pressures
can be seen, as well as their critical density. Among these fluids CO2 was chosen due to its low
critical values and even though it does not have the lowest critical point, it is a fluid that is easily
accessible and not toxic as some of the other fluids mentioned.

Table 1.1: Critical Properties of various fluids
Critical

Critical

Critical Density

Temperature (K)

Pressure (MPa)

(g/cm3)

Carbon Dioxide (CO2)

304.1

7.38

0.469

Water (H2O)

647.096

22.06

0.322

Methane (CH4)

190.4

4.6

0.162

Ethane (C2H6)

305.3

4.87

0.203

Solvent
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Propane (C3H8)

369.8

4.25

0.217

Ethylene (C2H4)

282.4

5.04

0.215

Propylene (C3H6)

364.9

4.6

0.232

Methanol (CH3OH)

512.6

8.09

0.272

Ethanol (C2H5OH)

513.9

6.14

0.276

Acetone (C3H6O)

508.1

4.70

0.278

1.1.2.1 Supercritical CO2
Supercritical Carbon Dioxide (sCO2) was selected among all the other gases due to the
following factors. It is a fluid which critical points are accessible: the critical pressure which is 7.4
MPa and critical temperature which is 31 degrees Celsius, are easy to achieve. At this critical point
CO2 adopts properties midway between a gas and a liquid. A specialist on clean coal technologies
at the IEA Clean Coal Centre, Quian Zhu, said “A consequence of this is that it can be compressed
directly to supercritical pressures and readily heated to a supercritical state before expansion. In a
heat engine, this can facilitate obtaining a good thermal match with the heat source. The critical
temperature is also sufficiently high for ready heat rejection from the cycle at terrestrial ambient
temperatures. Therefore, the system has a great potential for high efficiency since a large
temperature difference is available, CO2 near its critical point becomes more incompressible and
hence, the compression work can be substantially decreased leading to high cycle efficiency.” [5].
CO2 is also considered an ideal working fluid since it is chemically inert, non-toxic, and
non-flammable fluid that makes it safer to use than the other mentioned fluids. It is a fluid that can
be found easily at high purities and at a low cost, which will reduce the overall cost of the produced
energy. The overall system using sCO2 as working fluid is smaller than a steam system which
impacts on the capital cost that in this case will be reduced. Another important benefit from CO2
4

is the reduction of water consumption, since dry cooling is possible the use of water on the system
is reduced.

1.1.3 Applications
There are some applications that are pushing this technology and are promising for the
future in combination with the sCO2 Brayton Cycle. Table 1.2 below shows these promising
applications with their motivations, temperatures, and pressures. The common motivation for all
these applications is efficiency [6].

Table 1.2: Nominal Application-Specific Conditions for sCO2 Turbo Machinery
Application

Motivation

Size (MWe)

Temperature (C)

Pressure (MPa)

10-300

350-700

20-35

300-600

550-900

15-35

300-600

1100-1500

35

Efficiency,
Nuclear

Size, Water
Reduction

Fossil Fuel

Efficiency,

(indirect

Water

Heating)

Reduction
Efficiency,

Fossil Fuel
(Direct
Heating)

Water
Reduction,
Facilitates
CO2
Capture

5

Concentrating

Efficiency,

Solar Power

Size, Water

(CSP)

Reduction

Waste Heat
Recovery
Geothermal

10-100

500-1000

35

1-10

<230-650

15-35

1-50

100-300

15

Efficiency,
Size, Water
Reduction
Efficiency

Among the mentioned applications Concentrated Solar Power (CSP) was chosen for this
research. CSP systems generate solar power by using mirrors to concentrate the sun's thermal
energy onto a small area which is called receiver. This receiver contains a heat transfer fluid that
will be heated to the desired temperature to operate the sCO2 Brayton Cycle and generate energy.
CSP systems are not perfect, and one of their biggest problems is that energy generation is
intermittent during the day and the year, but there are solutions for these problems which are the
Thermal Storages. A thermal storage will store the energy harvested during peak hours and use
this energy at times where it is required, like at night. This thermal storage will allow the system
to continue working constantly during the entire day. Without a thermal storage a CSP will have
around 12 hours of peak energy (depending on the configuration) and then energy production will
be reduced, but this is where thermal storage kicks in.
A study made by Idaho National Labs shows the intermittent efficiencies of CSP depending
on the season and if it is partially cloudy or clear. Figures 1.3 and 1.4 show the efficiencies of the
system at each season in clear sky and on a cloudy day. On figure 1.3 it can be seen that during
summer the efficiency is greater for a longer period of time and at sunset the efficiency has an
instantaneous increase because there is not thermal energy production but the stored energy kicks

6

in and these efficiency increase will gradually decrease until all the stored thermal energy is used.
And on figure 1.4 can be seen that efficiency does not reach values as high as clear days. For this
reason, it is important to have thermal storage to have constant energy production during the entire
day, but even with one there will be differences in energy production depending on the season [7].

Figure 1.3: Instantaneous efficiencies of the system operating under reference (top) and optimum
(bottom) parameters for clear sky days during each season, a) winter, b) spring, c)
summer, d) fall.

Figure 1.4: Instantaneous efficiencies of the system under optimum parameters for partially
cloudy sky days during each season, a) winter, b) spring, c) summer, d) fall.
Another study using a two-stage recompression supercritical CO2 Brayton cycle with
molten salt thermal storage show the performance of this cycle at every month of the year, on
figure 1.5 it can be seen that efficiency and power production is higher on the month 6, 7and 8
which are the summer months. This study has shown that a high temperature thermal energy
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storage will alleviate the intermittence of solar energy, increase the operating temperature, and
achieve higher efficiency on the cycle [8].

Figure 1.5: Monthly solar conversion performance of the system.
1.2 BACKGROUND
There has been significant research done on Brayton cycles using a supercritical fluid as
CO2 and analyzing this cycle with a modelling software ASPEN Plus, Mounir Mecheri (2018),
analyzed the behavior of different Brayton cycles architectures to identify the most interesting and
promising architecture that fit his project constrains which were: simplicity for control stability
high performances, moderate boiler inlet temperature, etc. A recompression, partial cooling, precompression, turbine split, pre-heating and split-expansion cycles configurations were analyzed
with a coal boiler constraint. This study done by Mecheri showed higher cycle net efficiencies on
the recompression cycle followed by the Pre-compression cycle with 46.08 and 42.99 percent,
respectively. To generate the study many simplified hypotheses were assumed to simulate the
models, as the pressure drop which was roughly estimated. [9].
The studies look at a multitude of S-CO2 Brayton cycle architectures. The CO2 is
compressed and transported to the reactor, where it is indirectly heated via a heat exchanger for
8

the various sorts of cycles. The pressurized supercritical fluid is heated and then expanded in a
turbine to extract energy. The flow from the turbine is cooled in a heat exchanger before returning
to the compressor to complete the cycle. The RCBC, or recuperated closed-loop Brayton cycle, is
another arrangement of this cycle. The turbine exhaust (hot) is recovered through a heat exchanger
with the compressor exhaust (cooler) in this cycle, which heats the flow entering the reactor. Since
the fluid entering the reactor is pre-heated, less heat energy is needed to raise the temperature of
the fluid exiting the reactor, increasing the system's overall efficiency. The low-pressure CO2
stream entering the compressor is split into two streams in the recuperated recompression closedloop Brayton cycle. The first stream is cooled before being fed through the main compressor,
whilst the second stream is compressed straight from the recuperator. This approach increases the
fluid's heat capacity and, as a result, heat transfer rates in the recuperators. A high temperature
Brayton topping mixed with an S-CO2 bottoming cycle [10] is an example of a combined cycle
setup. S-CO2 as the topping system and an Organic Rankine cycle as the bottoming cycle [11] is
another combined cycle arrangement.
There has been research that suggested that the supercritical CO2 operated in a closed-loop
Brayton cycle offers higher cycle efficiencies versus supercritical or superheated steam cycles with
Concentrated Solar Power parameters. With optimized design parameters of 93 percent turbine
efficiency, 89 percent compressor efficiency, 97 percent heat exchanger efficiency, a turbine inlet
temperature of 650 degrees Celsius, among other parameters, T. Neises, and C. Turchi obtained
overall cycle efficiency for a simple, recompression and partial cooling cycle of 44.6, 49.66 and
49.53 percent respectively [12].
Researchers have been studying diverse ways to improve the overall cycle efficiency of a
Brayton cycle, like adding additives to the supercritical CO2 or combining the Brayton cycle with
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a Rankine cycle. Jia-Qi Guo, Ming-Jia LI, Jin-Liang Xu, Jun-Jie Yan and Kun Wang performed
an analysis on a Supercritical CO2 Brayton cycle with some additives on the sCO2, they discussed
the thermodynamics analysis of adding xenon and butane to the sCO2 to see if there is any
improvement in the overall efficiency of the cycle. An analysis of four cycles configurations was
conducted (Recuperation cycle, Recompression cycle, Inter-cooling cycle and Partial-cooling
cycle), all these cycles were tested with butane and xenon as additives to CO2. The inter-cooling
cycle with xenon as additive for the supercritical CO 2 was the cycle with greater overall thermal
efficiency values between 27.32 and 32.19 percent, the addition of xenon to the cycle increased
the overall efficiency by 1.60 to 2.49 percent depending on the cycle configuration. It was noticed
that adding butane to the cycle will cause a decrease in the overall thermal efficiency of the cycle.
This study concluded that adding xenon to the cycle will increase the overall efficiency no matter
the cycle configuration and that butane has a negative impact on the system efficiency no matter
the cycle configuration [13].
Efforts to improve overall Brayton cycle efficiency have been made, as mentioned in
previous paragraphs some researchers have been studying the benefits of combining two or more
cycles to improve the overall efficiency of the cycle. Guillermo Valencia, Jorge Duarte, and Jhan
Piero researched the exergy and energy optimization of a supercritical CO2 Brayton cycle and
Organic Rankine cycle combined. On these research paper the cycle is described as follows: The
carbon dioxide enters the Brayton sCO2 cycle's primary turbine (10) at a high temperature and
pressure point (St.1) and is then reheated (13) and expanded at a lower pressure and temperature
in the second turbine (11). After that, a recuperator is utilized to allow the current that exits the
compressor (8) at point (St.7) and is sent to the heater (12) at point (St.8) to be reheated, while the
St.5 current is cooled by transferring heat to the thermal oil and then compressed (St.6) by the
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compressor (8). The heat is transported to the thermal oil (Therminol 75) in the heat exchanger
(1), then to the SORC evaporator (2), which has three stages: preheating, evaporation, and
overheating, whose aim is to transfer the heat to the toluene, and finally to the Therminol 75 in the
thermal oil circuit. After that, the high-temperature, high-pressure organic fluid (St.12) enters the
turbine (4) and is expanded by lowering its pressure and temperature to enter the cooler (5) and
condenser (6), where it is cooled by water entering at ambient pressure (St.17 - St.19), and then
directed to the reservoir. The working fluid then becomes a saturated liquid as it exits the condenser
(6) at point (St.15), entering Pump 2(7), and subsequently the evaporator (St.16), completing the
cycle as indicated in Figure 1.6. With this configuration thermal efficiencies of up to 56.95 percent
were obtained using a reheater, without the reheater thermal efficiencies of up to 55.53 were
obtained [14]. Comparing with previous research done in supercritical CO2 Brayton cycles,
combining 2 or more cycles as done in this study has shown to have a positive impact on the overall
thermal efficiency of the cycle.

Figure 1.6: Graphic description of the Brayton S-CO2- SORC power generation cycle.
1.3 OBJECTIVE
There have been multiple researchers studying the supercritical CO 2 closed Brayton cycle.
Previous investigations found in literature studied different configurations of a supercritical

11

Brayton cycle, with different heat sources. In these studies, the most common configuration was a
simple Brayton cycle with one recuperator, and with a fossil fuel heater. The results of these studies
have shown the benefits of a sCO2 Brayton cycle, but all agree that more research needs to be done
in this cycle to accomplish higher efficiencies at lower cost. In this study, a supercritical CO2
Closed Brayton cycle with a low and high temperature recuperator will be analyzed using CSP as
a heat source. This study will also test the simulation software ASPEN Plus with the mentioned
configuration to compare the results with literature and hand calculations and prove that the
ASPEN Plus can be used on further research to test different cycles configurations and boundary
conditions.
To do this research, literature, calculations, and ASPEN Plus software is used to compare
the results to perform a further analysis using only ASPEN Plus software but with different cycle
configurations. To successfully prove that ASPEN Plus is an effective tool for this analysis the
following steps were taken.
Step 1: Do a literature analysis of a sCO2 Closed Brayton cycle with the following
components: recuperator, turbine, compressor, heater and cooler.
Step 2: Perform calculations to check literature results using the same cycle arrangement.
Step 3: Using ASPEN Plus perform the analysis of the literature cycle configuration.
Step 4: Compare literature, calculations, and ASPEN Plus results.
Step 5: Perform an analysis using a different cycle configuration.
1.4 PRACTICAL RELEVANCE
Energy consumption has been increasing and according to the Energy Information
Administration, it is predicted that it will continue growing in the United States and on the world
in general. For this matter energy production has become an especially important topic to research
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on, and moreover research on clean energy production. Now a days and on the future energy
produced by fossil fuel will still be a significant portion of the energy production, but renewable
energies will rise significantly until 2050 [15]. It is important to research more renewable energies
sources to mitigate the CO2 impact on the atmosphere and reduce the water consumption needed
for the generation of energy by fossil sources.
With the objective of mitigating CO2 emissions, the supercritical CO2 closed Brayton cycle
is being researched. This cycle will reduce the CO 2 emissions and water consumption, and
combined with concentrated solar power (CSP) as done in this study will benefit energy production
due to is higher cycle efficiency and the atmosphere due to the reduction of carbon dioxide
emissions. This cycle can also be used with other applications such as nuclear plants and fossil
fuels to increase their overall efficiency and reduce the CO2 footprint.
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Chapter 2: Methodology
2.1 Cycle Layout
Figure 2.1 and Figure 2.2 illustrate the cycle configuration employed in this study, figure
2.1 represents the configuration done to match literature results. Figure 2.2 arrangement is based
on the Sandia National Laboratories' RCBC experimental facility [16]. Two compressors pump
the working fluid, CO2, up to 13.8 MPa in this cycle. The compressors in this study are considered
to have 68 percent isentropic efficiency. The flow from the compressors is fed to the recuperator
heat exchangers, which mix the lower temperature fluids from the compressors with the high
temperature exhaust from the turbine in an indirect manner. Heat exchangers with varied
effectiveness levels are used to achieve this. The supercritical CO2 is pre-heated and compressed
before entering the heater, which could be a combustor, electric heating system, solar thermal, or
nuclear heat source. For this study solar thermal energy is assumed, using a Concentrated Solar
Power system. The heat is transferred to the CO2 through a heat exchanger, where it is expanded
before entering the turbine. The isentropic efficiency of the turbine is 87 percent. The recuperators
receive the exhaust heat after the turbine expands. The values in this model match the experimental
system's real performance parameters. ASPEN Plus is used to model the system.
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Figure 2.1: Supercritical CO2 Closed Brayton Cycle Configuration

Figure 2.2: Supercritical CO2 Closed Brayton Cycle with two compressors and recuperators.
2.1.1 ASPEN Plus Setup
Aspen Plus is the industry's leading Chemical Process Simulator, allowing users to create
a process model and then simulate it using complex computations (models, equations, arithmetic
calculations, regressions, and so on). In this research ASPEN Plus will be used to simulate a
supercritical Brayton cycle with the configuration found in literature to compare results and prove
ASPEN Plus can be used to emulate these cycles. After emulating literature cycle, a new cycle
configuration was done on ASPEN Plus. Figure 2.3 shows this configuration which adds a
15

recuperator and a compressor. On ASPEN Plus a Fluid Mixer and Fluid separator need to be added
to emulate the cycle. Heater was set up with CSP parameters and compressor and turbines with set
efficiencies to best simulate the desired cycle.

Figure 2.3: Schematic diagram of the Supercritical CO2 layout in ASPEN Plus
2.2 List of Components
2.2.1 Concentrated Solar Power
As our thermal energy source (heater) a Concentrated Solar Power (CSP) will be used as
reference. The initial parameters that will be used on ASPEN Plus heater component will be the
parameters of operation of a CSP tower plant with molten salt as working fluid. CSP plants use
mirrors to concentrate the thermal energy on one point to enter the desired cycle, in this case the
supercritical CO2 Brayton Cycle. There are several types of CSP like Parabolic Trough, Compact
Linear Fresnel Reflector, Dish-Engine and the one it will be used as reference Power Tower. The
Power tower systems have a central receiving which allows for higher operating temperatures and
16

thus greater efficiencies. Controlled mirrors track the sun and focus the energy to the receiver that
is located at the top of a high tower [17]. A schematic of a Power Tower system can be seen in
Figure 2.4.

Figure 2.4: Schematic of Power Tower system.
2.2.2 Turbines
A turbine is a device that converts the kinetic energy of a fluid - such as water, steam, air,
or combustion gases - into the device's own rotational motion. Turbines are classified as engines
since they are simple technology that can take and input and generate an output. A conventional
turbine is defined by a set of blades that allows the fluid to flow into the turbine, pushing the
blades. While the fluid runs through, these blades rotate, harnessing some of the energy as
rotational motion. The fluid loses kinetic energy as it passes through the turbine and eventually
exits with less energy than when it entered [18].
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Figure 2.6: Illustration of a turbine.

Figure 2.7: Schematic of a turbine.
2.2.3 Compressors
A compressor is a device that will increase the pressure of the incoming fluid. The
performance of a compressor will have a significant impact on the overall system performance. As
shown on Fig. 2.8 there are two types of compressors: axial and centrifugal. They are axial
compressors because the flow through the compressor travels parallel to the axis of rotation, and
centrifugal because the flow through this compressor is turned perpendicular to the axis of rotation.
A single centrifugal compressor will have greater pressure increase factor of around 4 versus 1.2
of an axial compressor, but axial compressors are easier to link together into a multistage axial
compressor that will end up on a greater compression factor [19].
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Figure 2.8: Centrifugal and Axial compressor illustration.

Figure 2.9: Compressor Schematic.
2.2.4 Cooler
A cooler works like a heater, both are heat exchangers, the main difference being that with
a cooler the colder fluid is the one that will be used on the system and the hotter one will be spelled
out. Heat exchangers are devices that utilize a fluid to absorb heat from a hotter external source
without mixing the fluid and the hot source. As a result, the hot fluid exits cold, whereas the
initially cold fluid exits hot as seen on Figure 2.10 [20].
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Figure 2.10: Heat Exchanger illustration.

Figure 2.11: Cooler schematic on ASPEN Plus.

2.2.4 Recuperators
A recuperator is a form of heat exchanger that has separate flow channels for each fluid
along their own passages, and heat is transmitted through the separating walls. In power
engineering, recuperators are commonly employed to boost the overall efficiency of
thermodynamic cycles. There are three main types of recuperators, which are Parallel-ﬂow,
counter-ﬂow, and cross-ﬂow as shown in Figure 2.12. An example of a recuperator is the
researched cycle that is considered a gas turbine engine, the temperature of the exhaust gas exiting
the turbine is typically much higher than that of the fluid exiting the compressor. As a result, the
high-pressure fluid leaving the compressor can be heated in a counter-flow heat exchanger, also
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known as a regenerator or recuperator, by transferring heat from the hot exhaust gases. Gas turbine
regenerators are often built as shell-and-tube heat exchangers (Figure 2.13) with very small
diameter tubes, with high-pressure air within and low-pressure exhaust gas passing through
multiple times outside the tubes. Because the fraction of the energy in the exhaust gases that are
ordinarily rejected to the surroundings is now used to preheat the fluid entering the combustion
chamber, the thermal efficiency of the Brayton cycle improves as a result of regeneration. As a
result, the heat input (and consequently fuel) requirements for the same net work output are
reduced [21].

Figure 2.12: (a) Parallel-flow, (b) Counter-flow and (c)Cross-flow heat exchangers.

Figure 2.13: Types of counter-flow recuperators.
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Chapter 3: Results and Discussion
3.1 Results
Figure 3.1 show bellow presents the results of the calculations made by hand to verify
literature results. It can be seen that the recuperator efficiency plays a significant role in the overall
cycle thermal efficiency and in the Carnot efficiency. The greater the Recuperator efficiency the
greater values of thermal efficiency the cycle will achieve. The Carnot efficiency has been placed
in this graph to see the maximum cycle thermal efficiency this cycle can achieve between the given
operating temperatures. By graphically representing the Carnot efficiency it can put into
perspective that this cycle has room to improve and that there is still a lot of research to be done
to get closer to the Carnot Efficiency. These calculations were performed following literature
procedure and the procedure found on the Thermodynamics: an engineering approach book [2].

Figure 3.1: Carnot Efficiency and Thermal Efficiency vs Recuperator Efficiency.
On Table 3.1 the results from current model which was done using the simulation software
ASPEN Plus and calculated by hand, are compared with the results found in literature Ref. [16].
The specified parameters for this comparison were the mass flow rate, the bet power output, and
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the turbine inlet temperature with values of 5kg/s, 0.25MW and 823k, respectively. The overall
pressures, temperatures, work values from compressor and turbine, and cycle thermal efficiency
were identical in both studies reaching a thermal efficiency of 35.8 percent.

Table 3.1: Comparison Result from current simulated model and Ref. [16]

Stream
Number

Temperature

Temperature
(K)

Pressure
Pressure

Ref. [16]
1a
1b
2a
2b
3
4
5
6
7
8
9

305
333
323
388
389
389
707
823
756
408
332

305
333
323
389
389
389
707
823
756
409
333

7.69
7.69
13.8
13.8
13.8
13.8
13.8
13.8
7.77
7.69
7.69

(MPa)
Ref. [16]
7.69
7.69
13.8
13.8
13.8
13.8
13.8
13.8
7.77
7.69
7.69

3.11 Effect of Turbine Inlet Temperature
Variation of the turbine inlet temperature and recuperator efficiency are used to do a
sensitivity analysis on the cycle. The mass flow rate was adjusted at 5, 3.9, and 3.2 kg/s for turbine
inlet temperatures of 550oC, 700oC, and 850oC, respectively, for turbine inlet temperatures of
550oC, 700oC, and 850oC. The mass flow rate was adjusted during the cycle to keep the overall
power output constant at different recuperator effectiveness levels. The efficacy of the recuperator
is modified from 0.8 to 0.95, representing a heat exchanger that may foul or clog, resulting in a
performance deterioration.
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Figure 3.2: Effects of recuperator effectiveness and turbine inlet temperature on overall cycle
Thermal efficiency.
For the three inlet temperatures used in this analysis, the overall cycle thermal efficiency
increases as the recuperator effectiveness increases. This behavior is expected as more heat is
recovered from the flow and this is transferred to the stream exiting the cooler compressor,
meaning that the flow will require less heat to reach the turbine desired inlet temperature. This
behavior can be seen in Figure 3.2 were at a recuperator effectiveness of 95 percent there are
overall cycle thermal efficiencies between 36 and 43 percent depending on the turbine inlet
temperature selected, while with a recuperator efficiency of 80 percent the overall cycle thermal
efficiency drops to values between 23 and 25 percent. The entire cycle efficiency increases roughly
linearly.
The graph also exhibits that the inlet turbine temperature influences the overall cycle
thermal efficiency, the higher the inlet turbine temperature the higher the thermal efficiency, but
this inlet temperature does not have an impact as great as the impact the recuperator effectiveness
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makes to the thermal efficiency. The effect of temperature is greater between 550oC and 700oC
than between 700oC and 850oC for turbine inlet temperatures. The Carnot efficiency increases as
the heater exit temperature rises during the cycle. For example, for temperatures of 550oC, 700oC,
and 850oC, the corresponding Carnot efficiencies are 64, 69, and 73 percent, respectively. Due to
second law limits placed on the cycle, the disparities in Carnot efficiency between the different
turbine inlet temperatures reduce with increasing temperatures. Heat exchanger channel fouling
was observed by Fleming et al. [16] due to loop pipe fragments, parts of seals employed within
the turbine, and even soil contamination. Even minor weight percentage pieces can cause
considerable performance degradation, resulting in a loss of up to 5 percent of overall efficiency.
The impact of the high temperature recuperator on overall cycle efficiency is crucial, and so
avoiding fouling and achieving maximum heat exchanger performance results in increased
performance.

3.1.2 Effect of Heat Exchanger Pressure Drop on Cycle Efficiency
On this study the effects of pressure drop on the cycle overall thermal efficiency was also
performed. The impact of debris or pieces in the fluid supply lines is shown by a large drop in
pressure through the recuperator. To maintain a consistent power output of 0.25MW, the mass
flow rate was adjusted at each turbine inlet temperature and pressure drop condition. For the model,
the efficiency of the low and high temperature recuperators was maintained constant at 0.97 and
0.89, respectively. For this study, the inlet turbine temperatures will be modified from 850oC,
700oC and 550oC to analysis the effect of the pressure drop with the inlet turbine temperature.
The results from the simulation model showed that an increase in the high temperature
recuperator will cause a negative impact on the overall cycle thermal efficiency for the three
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temperature conditions mentioned before. The pressure drop was adjusted in this simulation by
adjusting the turbine's exit pressure. To maintain the same exit pressure from the recuperator, the
turbine's exit pressure was increased as the pressure drop in the recuperator increased. As a result,
the flow's recovered work was reduced. To maintain a constant output power the mass flow rate
was altered to keep the power constant, in this specific case the mass flow rate was increased as
the pressure drop increased, and the inlet turbine temperature decreased. For a one percent pressure
drop with the three mentioned temperature conditions, the mass flow rate was increased to 5, 3.9
and 3.2 kg/s, respectively. While for a 5 percent pressure drop with the same temperature
conditions the mass flow rate was modified to 5.5, 4.2 and 3.4 kg/s, respectively. To attain the
cycle operational pressure of 13.8 MPa, additional power is required from the compressors due to
the increased mass flow rate. This increase in power required reduces the overall cycle thermal
efficiency.
On Figure 3.3 it can be seen the effects of recuperator pressure drop and turbine inlet
temperature on the overall cycle thermal efficiency. The lowest efficiencies are seen at a pressure
drop percentage of 10 percent, where at 850oC, 700oC and 550oC the overall cycle thermal
efficiencies are 40, 35 and 30 percent, respectively. For the lowest pressure drop of 1 percent it is
shown that the overall thermal efficiency is higher than the previous case with efficiencies of 35,
43 and 47 percent at inlet turbine temperatures of 550oC, 700oC and 850oC, respectively.
Regardless of the turbine inlet temperature, a comparable percentage decrease in efficiency is
expected as pressure drop increases. Because the recuperator effectiveness is kept constant under
these conditions, the secondary impacts of pressure drop and turbine inlet temperature are more
noticeable. Increased pressure drop via the recuperator causes factors such as increased fluid
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specific heat at higher recuperator inlet pressures, increased mass flow rates through the
compressor needing more power, and lower turbine power.

Figure 3.3: Effects of recuperator pressure drop and turbine inlet temperature on overall cycle
Thermal efficiency.
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Chapter 4: Summary and Future Work
4.1 Summary and Conclusion
There have been multiple researchers studying the supercritical CO2 Brayton Cycle and
how efficiency has been affected by adding components as recuperators or compressors. Previous
investigations in literature have found that adding a compressor to the cycle has a positive impact
on the overall cycle efficiency. These studies use the second compressor as a re-compressor
connected to a high temperature recuperator. In this study a low and high temperature recuperators
will be implemented which as previous literature showed the recuperators have a significant impact
on the overall cycle thermal efficiency. The low temperature recuperator will be connected to the
compressor and the high temperature recuperator to the re-compressor. These modifications to the
cycle will be simulated using the simulation software ASPEN Plus. The objective of this research
is to prove that this simulation software matches the results found in literature and then used to
rearrange the cycle layout. In order to prove if this software can be used for this purpose, hand
calculations were performed to first match literature calculations and then match the results
obtained by the software. A second round of hand calculations were performed with some
modifications to the cycle to prove that the obtained results match the calculated ones. The
following points show the main contributions to this study:
•

ASPEN Plus is a software that will allow to analysis the Brayton cycle and
modifications quicker than hand calculations, the use of this software will help to
develop more efficient cycles faster since you can modify it until getting the desired
result to then prototype the cycle, which will reduce the research time and
implementation need for innovative technologies.
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•

Adding a low temperature recuperator after the first compressor and a high
temperature after the recompressor will increase the overall cycle efficiency.

•

Recuperator's efficiency plays a crucial role in the overall efficiency of the cycle,
higher recuperator rates will end up in higher overall cycle thermal efficiency.
Cycle efficiencies with recuperator efficiencies of 80 and 90 percent are found to
be 25 percent and 44 percent, respectively.

•

Supercritical CO2 is a green fluid that will reduce water waste and increase the
efficiency of energy production cycles. Being a fluid with relatively low
supercritical pressure and temperature, easy to find and non-toxic, makes this fluid
ideal for the Brayton Cycle.

•

High inlet temperatures are a key parameter that impacts the overall cycle
efficiency, higher inlet temperatures will lead to higher overall cycles efficiencies.

4.2 Future Work
The current and future need for energy demands the development of more efficient energy
cycles, and it is critical to do research on green energy production cycles such as the one described
in this paper. The supercritical CO2 Brayton cycle is a promising technology for energy generation
because of its small size and great efficiency, and it is even more attractive because it can produce
clean energy. To bring this cycle to a mature stage, research is required to assess the cost impact
of adding or removing components. Adding components may increase overall cycle efficiency,
but it may also increase the cost of energy production. As a result, it is critical to conduct this
analysis under various weather conditions and in various locations because it will affect the cycle
parameters and, more relevantly, the cycle efficiency. To achieve a more efficient Brayton cycle,
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it is also essential to boost turbine and compressor efficiency. Combining cycles such as a Brayton
cycle and a steam cycle and analyzing their energy production cost, efficiency, and other factors
will be beneficial in future work. Changing the heat source to another one like nuclear or improving
the studied Concentrated Solar Power system will also be critical to achieving a mature cycle that
will benefit energy production while having lower carbon footprint. As a result, you will have a
mature supercritical CO2 Brayton cycle that can be employed as a backup small power plant or
sectioned power plant.
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Appendix
The following assumptions have been made for this study: the system is at steady state, expansion
and compression processes are not isentropic, pressure drop in heat exchangers varies between 1
and 10% for hot side flow, changes in kinetic and potential energy are negligible, and heat transfer
to the environment is negligible. Other researchers have made similar assumptions in the past for
similar systems [16, 22].
The isentropic temperature and pressure across the compressors and turbine may be determined
using Eqs. (1), (2) and (3), respectively:
𝑇2𝑎
𝑇1𝑎
𝑇2𝑏
𝑇1𝑏
𝑇6
𝑇7

𝑃

𝑘−1
𝑘

Eq. 1

𝑘−1
𝑘

Eq. 2

= (𝑃2𝑎 )
1𝑎

𝑃

= (𝑃2𝑏 )
1𝑏

𝑃

𝑘−1
𝑘

= (𝑃6 )

Eq. 3

7

Where T is temperature, P is pressure, k is the specific heat ratio taken from the NIST database
[23], and the subscripts correspond to the different points labeled in Fig. 1.

Figure 5.13: Shows schematic diagram of S-CO2 RCBC.
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The isentropic efficiencies of the compressors, recompressor and turbine are defined in Eqs. (4),
(5) and (6):
ℎ

−ℎ

𝜂𝑅𝑒𝑐𝑜𝑚𝑝 = ℎ 2𝑏,𝑠 −ℎ1𝑏
2𝑏,𝑎

𝜂𝐶𝑜𝑚𝑝 =
𝜂𝑇𝑢𝑟 =

Eq. 4

1𝑏

ℎ2𝑎,𝑠 −ℎ1𝑎
ℎ2𝑎,𝑎 −ℎ1𝑎
ℎ6 −ℎ7𝑎
ℎ6 −ℎ7𝑠

Eq. 5

Eq. 6

In these equations the subscripts correspond to the inlet and outlet values of the compressors and
turbine. The secondary subscripts correspond to the isentropic and actual values for enthalpy, h.

The total work done by the turbine (ẆTURB), the recompressor (ẆRECOMP) and the compressor
(ẆCOMP), and the heat input into the heater (Q̇IN) are calculated using the following Eqs. (7), (8),
(9), (10):

𝑄̇𝑖𝑛 = 𝑚̇ 5 ∗ (ℎ6 − ℎ5 )

Eq. 7

𝑊̇𝑇𝑢𝑟𝑏 = 𝑚̇ 6 ∗ (ℎ7 − ℎ6 )

Eq. 8

𝑊̇𝑅𝑒𝑐𝑜𝑚𝑝 = 𝑚1𝑏
̇ ∗ (ℎ2𝑏,𝑎 − ℎ1𝑏 )

Eq. 9

𝑊̇𝐶𝑜𝑚𝑝 = 𝑚1𝑎
̇ ∗ (ℎ2𝑎,𝑎 − ℎ1𝑎 )

Eq. 10

Assuming that ṁ4 = ṁ5= ṁ6 = ṁ7 = ṁ8 = ṁ9 and that this flow rate is equivalent to ṁ1b + ṁ1a
then the equation for Ẇnet may be expressed as Eq. (11)

Ẇnet = ṁ1b (h1b + h7,a − h2b,a − h6 ) + ṁ1a (h1a + h7,a − h2a,a −h6 ) Eq. 11
Temperature changes through the heater and cooler are calculated based on a first law analysis and
the cycle efficiency is calculated using Eq. (12).
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ηth =

Ẇnet
Q̇IN

=

ẆTURB −ẆRECOMP −ẆCOMP
Q̇IN

Eq. 12

The recuperators' efficiencies are calculated with respect to their inlets and outlets temperatures
as shown in the following Eqs. (13) and (14):

𝜀𝐻 =

𝑇7 −𝑇8
𝑇7 −𝑇4

𝑇5 −𝑇4

𝑜𝑟

𝑇7 −𝑇5

𝑇 −𝑇

𝜀𝐻 = 𝑇2𝑎 −𝑇3 𝑜𝑟
2𝑎

8

𝑇9 −𝑇8
𝑇2𝑎 −𝑇9

Eq. 13
Eq. 14

The Carnot efficiency of the cycle, which is the maximum efficiency the cycle will have, is
calculated by the following Eq (15):
𝑇

𝜂𝐶 = 1 − 𝑇𝐿

Eq. 15

𝐻

Where TL represents the lower temperature of the cycle and TH represents the higher temperature
of the cycle which is the temperature at the exit of the heater.
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